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(54) Colour recapture for projection systems 

(57) A sequential colour display system using a 
white light source (202) to create a full colour image pro- 
jected onto an image plane (214). A dynamic filter (206), 
typically a series of moving dichroic filters, generates a 
series of primary coloured light beams that are swept 
across the surface of a spatial light modulator (210). 
Light rejected by the dynamic filter (206) enters a light 
recycler (204) and is reapplied to the dynamic filter 
(206). The light recycler is typically one or more reflec- 
tive surfaces, including mirrors, baffles, enclosures, 
lamp reflectors, TIR surfaces, or specially coated mate- 
rial arranged in such a way as to encourage light toward 
an aperture separating the light recycler (204) and the 



dynamic filter (206). Typically all three primary colours 
are produced simultaneously by the dynamic filter (206). 
The illuminated portion of the dynamic filter (206) is im- 
aged onto the modulator (210) and a controller (216) 
provides appropriate image data for each portion of the 
modulator (210) in synchronization with the sweep of the 
primary colour bands across the modulator surface. The 
primary colour bands are modulated by the spatial light 
modulator (210) and the modulated light is focused by 
lens (212) onto the image plane (214). The viewer inte- 
grates the light arriving at each portion of the image 
plane (214) over a frame period to provide the percep- 
tion of a full-colour image. 
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Description 

FIELD OF THE INVENTION 

[0001] This invention relates to the field of display sys- 
tems, particularly to full colour display systems using a 
single light modulator, more particularly to sequential full 
colour display systems using falling raster or scrolling 
colour methods. 

BACKGROUND OF THE INVENTION 

[0002] Viewers evaluate display systems based on 
many criteria such as image size, resolution, contrast 
ratio, colour purity, and brightness. Image brightness is 
a particularly important metric in many display markets 
since the available brightness can limit the image size 
of a projected image and controls how well the image 
can be seen in venues having high levels of ambient 
light. 

[0003] Projection display designers increase the 
brightness of a given projection display- by increasing 
the light source used to form the image. Increasing the 
light source, however, also increases the cost, size, and 
weight of the display system. Additionally, larger light 
sources generate additional heat that must be dissipat- 
ed by the display. 

[0004] Many other factors affect the brightness of the 
images produced by the display system. One of the ma- 
jor factors is the number of modulators used to modulate 
the light used to produce the image. Display systems 
that use a modulator with a very fast response time, 
such as the digital micromirror device (DMD™), can use 
a single modulator to create a full colour image. Other 
display systems use three modulators, such as liquid 
crystal display (LCD) panels or DMDs, to create a full 
colour image. 

[0005] Micromirror-based display systems typically 
operate the micromirrors in a digital, or bistable, manner. 
Digital operation fully deflects a given micromirror to ei- 
ther a first position or a second position. The illumination 
optics of the display device illuminate the entire array of 
micromirror cells. Micromirrors deflected to the first po- 
sition reflect light along a first path, whereas micromir- 
rors deflected to a second position reflect light along a 
second path. The projection optics of the display system 
collects the light from the mirrors in the first position and 
focus the light onto an image plane. The light reflected 
by mirrors in the second position is prevented from 
reaching the image plane. An image pixel associated 
with a mirror in the first position is brightly illuminated, 
whereas an image pixel associated with mirrors in the 
second position are not illuminated. 
[0006] Pulse width modulation creates the perception 
of gray scale intensities with a digital micromirror device 
or other spatial light modulator. When using pulse width 
modulation, a given micromirror element is rapidly 
turned on and off in response to a digital intensity word. 



The duty cycle of the mirror determines the total amount 
of light contributed to an image pixel. If the pixel is 
pulsed quickly enough, the human eye will accurately 
measure the average intensity of the pixel, but will fail 
5 to detect the pulsing. 

[0007] Full-colour images also are produced by taking 
advantage of the relatively slow response time of the 
human eye. Each frame period is divided into at least 
three periods. During each period, a primary colour im- 
age is produced. If the primary colour images are pro- 
duced in rapid succession, the eye will perceive a single 
full-colour-image. 

[0008] An alternative to the sequential colour display 
system is a three-modulator display system. The three- 
modulator display system is very similar to the sequen- 
tial colour display system in that they both form full col- 
our images by the combining three primary colour im- 
ages. The disadvantage of the three-modulator display 
system is the cost of the three modulators and the com- 
plex optics required both to split the white light beam 
from the light source into three primary colour light 
beams and to recombine the modulated primary colour 
light beams. 

[0009] The disadvantage of the single-modulator se- 
quential colour display systems is its low image bright- 
ness. Because the white light source is time-divided into 
three primary colour light beams, most of the light at any 
given time is not used. For example, when the blue pri- 
mary colour image is being formed, the green and red 
output of the white light source are filtered out of the light 
beam. Thus, a sequential colour display system, while 
generally less expensive than the three-modulator dis- 
play system, makes very inefficient use of the light pro- 
duced by the light source. 

[0010] The lost light not only reduces the brightness 
of the image produced by the display system, discarding 
the light creates several problems for the display sys- 
tem. The light filtered out of the light beam generally be- 
comes stray light that the display system must control 
to prevent from reaching the image plane and degrading 
the contrast of the displayed image. The off-primary light 
is generally converted to heat. The heat must be dissi- 
pated by using larger fans, which in turn increase the 
noise produced by the display system and increase the 
size of the display system. 

[001 1 ] What is needed is an efficient illumination sys- 
tem that is capable of providing the efficiency of a three- 
modulator display system while taking advantage of the 
simplified optics and low cost of a one-modulator display 
system. 

SUMMARY OF THE INVENTION 

[0012] Objects and advantages will be obvious, and 
will in part appear hereinafter and will be accomplished 
by the present invention that provides a method and sys- 
tem for sequential colour recapture. One embodiment 
of the claimed invention provides a display system com- 
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prising: a light source for producing a beam of white 
light, an integrator for homogenizing the beam of white 
light, a filter for filtering the homogenized beam of white 
light and separating the homogenized beam of white 
light into a primary colour beam of light traveling along 
a first path, and a remainder beam of light traveling 
along a second path, a spatial light modulator on the first 
path for selectively modulating the light traveling along 
the first path to form an image, and wherein a portion of 
the remainder beam of light is incident a second region 
of the filter and travels along the first path. 
[001 3] A second embodiment of the disclosed inven- 
tion provides a display system comprising: a light source 
for producing a beam of white light, an integrator for ho- 
mogenizing the beam of white light, a filter for filtering 
the homogenized beam of white light, the filter separat- 
ing the homogenized beam of white light into a primary 
colour beam of light traveling along a first path, and a 
remainder beam of light traveling along a second path, 
a spatial light modulator on the first path for receiving 
light traveling along the first path and selectively modu- 
lating the light traveling along the first path to form an 
image, and wherein the remainder beam re-enters the 
integrator and is retransmitted by the integrator to the 
filter such that a portion of the remainder beam of light 
is incident a second region of the filter and travels along 
the first path. 

[0014] A third embodiment of the disclosed invention 
provides a method of producing an image. The method 
comprises the steps of: providing a beam of white light, 
impinging the beam of white light on a first region of a 
dynamic filter, the first region of the dynamic filter trans- 
mitting a first primary portion and rejecting a remainder 
of the beam of light, modulating the first primary portion, 
impinging a portion of the remainder of the beam of light 
on a second region of the dynamic filter, the second re- 
gion of the dynamic filter transmitting a second primary 
portion of the remainder of the beam of light, modulating 
the second primary portion of the beam of light, and fo- 
cusing the modulated first and second primary portions 
of the beam of light on an image plane. 
[001 5] The disclosed invention provides the technical 
advantage of much higher illumination efficiency. Since 
all colour components of the beam of light are used at 
all times, the disclosed system and method achieve 
three modulator panel system efficiencies using only a 
single modulator panel. The higher efficiency enables 
the use of lower cost light sources that have longer op- 
erational lives and produce less heat. The apparatus re- 
quired to implement the disclosed invention is much less 
costly than the optics and modulator panels required to 
implement a three panel display solution. Because less 
heat is generated, the overall display system volume will 
decrease since there is a reduced need for cooling fans 
and air ducts. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] For a more complete understanding of the 
present invention, and the advantages thereof, refer- 
5 ence is now made to the following descriptions taken in 
conjunction with the accompanying drawings, in which: 

FIGURE 1 is a perspective view of a sequential col- 
our display system of the prior art. 
FIGURE 2 is a block diagram of a scrolling colour 
display system capable of recycling the light reject- 
ed by the colour filters according to one embodi- 
ment of the present invention. 
FIGURE 3 is a plan view of one embodiment of a 
colour wheel suitable for use with the disclosed re- 
cycling scrolling colour illumination system. 
FIGURE 4 is a plan view of a second embodiment 
of a colour wheel suitable for use with the disclosed 
recycling scrolling colour illumination system. 
FIGURE 5 is a plan view of a spatial light modulator 
illuminated by a light beam filtered to result in three 
lateral primary colour segments. 
FIGURE 6 is a plan view of the spatial light modu- 
lator of Figure 5 as the three primary colour seg- 
ments shift across the spatial light modulator. 
FIGURE 7 is a plan view of the spatial light modu- 
lator of Figure 5 as the three primary colour seg- 
ments shift further across the spatial light modula- 
tor. 

FIGURE 8 is a side view of a recycling scrolling col- 
our illumination system according to one embodi- 
ment of the present invention. 
FIGURE 9 is a side view of one embodiment of an 
integrating rod for use with the disclosed recycling 
scrolling colour illumination system. 
FIGURE 10 is a side view of a recycling scrolling 
colour illumination system according to an embod- 
iment of the present invention using a colour filter 
belt. 

FIGURE 11 is a plan view of the colour wheel of 
Figure 3 showing the relationship between colour 
wheel and a cross section of the optical path of the 
display system. 

FIGURE 12 is a plan view of a portion of a spiral 
colour wheel similar to the colour wheel shown in 
Figure 4 showing the alignment of the spiral colour 
wheel with the cross section of the display system 
optical path. 

FIGURE 13 shows the addition of an optional white 
filter segment to each set of primary colour filters in 
the colour wheel of Figure 13. 
FIGURE 14 is a perspective view of one embodi- 
ment of an integrator rod designed to recycle light 
passing through it. 

FIGURE 15 is a plan view of a portion of the colour 
wheel of Figure 4 detailing the curvature of the filter 
segments. 

FIGURE 1 6 is a plan view of a two-modulator scroll- 



15 



20 



25 



30 



35 



40 



45 



50 



3 



5 



EP1 098 536 A2 



6 



ing colour recapture display system according to 
one embodiment of the present invention. 
FIGURE 17 Is a plot of the collection efficiency for 
various arc sizes over a range of aperture sizes. 
FIGURE 18 is a plot of the modeled recycling effi- 
ciency of an integrator rod having a mirrored input 
face for various input aperture diameters. 
FIGURE 19 is a plot of the modeled overall reflector 
and integrator recycling efficiency for a range of mir- 
rored integrating rod aperture sizes. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0017] A new optical system and method have been 
developed that improves the optical efficiency of se- 
quential colour display systems. The system uses a se- 
quential colour concept called falling raster or scrolling 
colour in which the illumination beam laterally changes 
colour. The light rejected by the sequential filters is re- 
cycled, that is collected and presented to the filter again, 
increasing the efficiency of the system. Since more than 
one colour is being displayed at a given time, light re- 
jected by one filter segment can pass through another 
filter segment if it is successfully routed to another prop- 
er filter segment. 

[0018] Figure 1 is a perspective view of a sequential 
colour display system 100. In the display system 100 of 
Figure 1, light from source 102 is focused onto a spin- 
ning colour wheel 104. The spinning colour wheel 104 
creates of beam of light that changes from one primary 
colour to the next in rapid sequence. The primary col- 
oured beam of light impinges a spatial light modulator 
106, in this case a DMD. 

[0019] A controller 108 receives a video signal and 
sends image data to the spatial light modulator 106 in 
synchronization with the colour wheel 104. Image data 
representing the red portions of the image is sent during 
the period in which the red colour filter is passing 
through the beam of light. The modulated red beam of 
light is focused onto an image plane 110 by projection 
lens 112 to form a red image. The process is repeated 
as the green and blue filters pass through the path of 
the light beam. The eye of the viewer integrates the 
three primary colour images giving the perception of a 
single full-colour image. 

[0020] Figure 2 is a block diagram of a sequential col- 
our recycling system according to one embodiment of 
the present invention. In Figure 2, light source 202 pro- 
vides a beam of light to a light recycler 204. The light 
recycler 204, which sometimes includes the lamp hous- 
ing or reflector, homogenizes the beam of light and 
passes it to a dynamic filter 206. The dynamic filter is 
typically a set of moving dichroic filters, such as a colour 
wheel. Each filter in the dynamic filter has a passband 
in which light of a range of wavelengths is selected, in 
this case transmitted, while out of band light is rejected, 
in this case reflected. 



[0021] Light transmitted by the dynamic filter 206 is 
focused by lens 208 onto a spatial light modulator 210. 
The spatial light modulator 210 modulates the light to 
form an image beaming beam of light that is focused by 
5 lens 212 onto an image plane 214. As in Figure 1 , con- 
troller 216 receives image data and sends primary col- 
our image data to the modulator 210 in synchronization 
with the dynamic filter 206. 

[0022] As described above, the dynamic filter trans- 
mits light in its passband and rejects light outside its 
passband. Figure 2 shows the rejection path leading 
back to the light recycler 204. The light recycler 204 re- 
ceives the rejected light and reflects it back to the dy- 
namic filter 206. If the recycled light strikes a filter having 
a different passband it may be transmitted to lens 208. 
Rejected portions of the recycled light are again recy- 
cled by the light recycler 204 and presented to the dy- 
namic filter 206. This process continues until the light is 
either absorbed by the light recycler 204, accepted by 
the dynamic filter 206, or escapes the light recycler 204. 
[0023] One element of the system shown in Figure 2 
is the dynamic filter 206. The dynamic filter must provide 
one or more segments of each primary colour filter to 
the light beam at all times in order for all of the recycled 
light to be able to find a filter through which it may pass. 
Although the filters for each colour need not be the same 
size, if the recycling operation is efficient there may be 
no advantage to unequal sized filters. 
[0024] Figures 3 and 4 are plan views of two embod- 
iments of multi-segment colour wheels. Both of the col- 
our wheels shown in Figures 3 and 4 have a large 
number of small segments. Each segment transmits 
one of the primary colours and rejects the other two pri- 
mary colours. Light from the colour wheel is imaged onto 
the spatial light modulator such that a separate portion 
of the spatial light modulator is illuminated by each filter. 
Figure 5 shows a spatial light modulator 210 onto which 
light from a three-colour dynamic filter 206 is imaged. 
[0025] Since the modulator is typically arranged in 
horizontal rows of modulator cells that receive many of 
the same operating signals and bias voltages, the oper- 
ation of the modulator is much more efficient when the 
primary colour segments have horizontal boundaries 
and move vertically from row to row. The modulator el- 
ements can also be arranged in vertical groups of col- 
umns, in which case the primary colour segments 
should have vertical boundaries and move horizontally 
from column to column. 

[0026] Colour wheels like the one shown in Figure 3 
tend to produce pie shaped primary colour segments 
with tilted boundaries between the segments. As the ra- 
dius of the colour wheel increases, the angle between 
the segments decreases. Large colour wheels are un- 
desirable since they require a larger system package, a 
larger motor to turn them, and their larger inertia makes 
it more difficult to change the speed of the colour wheel 
to align the colour wheel to the video signal. 
[0027] Figure 11 is a plan view of the colour wheel 
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1100 of Figure 3 showing the relationship between col- 
our wheel and a cross section of the optical path 1102 
of the display system. The optical path 1102 is the area 
illuminated by the light leaving the integrator rod 810 
shown in Figure 8. The integrator rod is typically posi- 
tioned very close to the colour wheel to ensure that light 
reflected by the colour wheel is recaptured by the inte- 
grating rod. The optical path cross section 1102 shown 
in Figure 11 is also illustrative of the alignment between 
the colour wheel 1100 and the modulator, since the por- 
tion of the colour wheel 1100 passing through the cross 
section of the optical path 1102 is imaged onto the mod- 
ulator. The colour wheel of Figure 11 is 70mm in diam- 
eter and has 40 sets of primary filters, typically red, 
green, and blue, for a total of 120 filter segments. Ro- 
tating the wheel at only 90 rpm supports a 60 hz frame 
rate, though a higher rate may be required to reduce 
temporal artifacts. 

[0028] One advantage of the disclosed illumination 
system is the ability to spin the colour wheel at a very 
low rate. Slow colour wheels are safer since pieces of 
a broken colour wheel-which is often glass-that is spin- 
ning slowly have much less momentum that pieces of a 
rapidly spinning colour wheel. The slower colour wheel 
also generates much less noise, which is a valuable trait 
in most display system applications. Slower colour 
wheels also enable the use of smaller colour wheel mo- 
tors and do not need to be balanced as accurately as 
faster colour wheels. 

[0029] The spiral colour wheel of Figure 4 is used to 
reduce the size of the colour wheel while maintaining 
good alignment between the modulator and the illumi- 
nated segments of the colour wheel. The spiral colour 
wheel shown in Figure 4 has colour filters whose bound- 
aries form the "spiral of Archimedes." The spiral of 
Archimedes is defined by: 

r=ae 

where r is the radius or distance of said interface from 
said center, a is a constant, and 6 defines an arc be- 
tween said interface and a reference. A different refer- 
ence is used for each boundary between two filters. 
[0030] Figure 1 5 shows the relationship between the 
reference 1502, 9, and the radius r. The result of using 
the spiral of Archimedes is that each boundary approx- 
imates an inclined plane sliding past the light valve. The 
boundary is not straight, so it cannot be parallel to the 
rows of modulator elements. The boundary does, how- 
ever, form a very shallow curve that is tangential to the 
rows of the modulator elements and the boundary main- 
tains the same curve and speed across the entire face 
of the modulator, even when using a small filter wheel. 
[0031] The spirals are designed and aligned to the 
spatial light modulator such that the tangent of the 
boundaries between adjacent segments is approxi- 
mately horizontal to the rows of spatial light modulator. 



As the spiral wheel turns, the portion of the spiral pass- 
ing through the beam of light shifts along the spiral main- 
taining good alignment between the segments and the 
modulator, 

5 [0032] Figure 1 2 is a plan view of a portion of a spiral 
colour wheel 1200 similar to the colour wheel shown in 
Figure 4 showing the alignment of the spiral colour 
wheel with the cross section of the display system opti- 
cal path 1102. The filter segments of the spiral colour 

10 wheels in Figures 4 and 12 move horizontally and ver- 
tically with respect to the optical path cross section 1 1 02 
as the wheel rotates. This improves the alignment be- 
tween the filter segments and the horizontal rows of 
modulator elements across the entire modulator array. 

15 The colour wheel of Figure 12 has 24 sets of primary 
colour filters, for a total of 72 filter segments. Assuming 
10 sets of filters are required to form each frame, rotating 
the wheel at 25 Hz supports a 60 Hz frame rate. 
[0033] Figure 13 shows the addition of an optional 

20 white filter segment 1300 to each set of primary colour 
filters. The use of a white segment increases the overall 
system brightness in sequential colour systems, but at 
the cost of decreased image saturation. Because the re- 
cycling operation is not 100% efficient-for reasons de- 

25 scribed below-the use of a white segment increases the 
efficiency of the illumination system by 25%. 
[0034] Although current DMD designs group the mod- 
ulator elements in reset groups comprised of a number 
of complete rows, future designs can group the ele- 

30 ments in groups comprised of a number of complete col- 
umns of elements. Changing the grouping of the ele- 
ments would require changing the orientation of the light 
valve outline 1102 shown in Figure 12, and would pro- 
vide a better match between the boundaries of the filter 

35 segments and the reset groups. As mentioned above, 
the spiral of Archimedes colour segments provide a 
curved boundary between segments. This curve pre- 
vents perfect alignment between the reset groups and 
the filter boundaries. The longer the segment of the 
boundary illuminated, the greater the effect of the cur- 
vature on the alignment. Turning the modulator 90° from 
the orientation shown in Figure 12 uses a shorter portion 
of the boundary and allows the use of larger fitter seg- 
ments, especially when used with widescreen formats 

45 such as the 1 6:9 HDTV format. 

[0035] As the colour wheel turns, the three primary 
colour segments imaged onto the spatial light modulator 
move across the face of the spatial light modulator. Fig- 
ure 6 shows the three primary colour segments of Figure 

50 5 shifted lower on the face of the spatial light modulator 
210. As seen in Figure 6, as soon as one primary colour 
segment starts to leave the face of the spatial light mod- 
ulator, another segment of the same colour starts to en- 
ter. Figure 7 shows the three primary colour segments 

55 of Figure 5 after they have shifted the width of one seg- 
ment. 

[0036] Since each colour appears on a different re- 
gion of the modulator at any given time, the image data 
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provided to the modulator is a mixture of data for all three 
primary colours. For example, while one region of the 
modulator is operated using red data, other regions of 
the modulator are operated using green and blue data. 
Due to limitations imposed by the addressing circuitry 
and the ability to precisely control the sweep of the 
boundaries between the regions across the spatial light 
modulator, the rows of the spatial light modulator are 
typically divided into several groups and each group re- 
ceives data for a single primary colour. During periods 
in which the boundary between two regions sweeps 
across a given group of rows, the group is either turned 
of or used to create a white component using methods 
referred to as spoke light recapturing. 
[0037] Figure 8 is a side view of one embodiment of 
a sequential colour recycling display system. In Figure 
8, light 802 from an arc lamp 804 is reflected by a re- 
flector 806 and enters an integrating rod 810 through an 
aperture in a reflective aperture plate 812. Various inte- 
grating rods 810 are used. For example, the integrating 
rod 810 can be a hollow structure with a reflective inter- 
nal surface or a solid rod that used total internal reflec- 
tion to retain the light passing through it. The light en- 
tering the integrating rod 810 reflects on the surface of 
the integrating rod several times until the beam traveling 
through the integrating rod 810 assumes a uniform 
cross-section. 

[0038] Light exiting the integrating rod 810 impinges 
on the dynamic filter, shown in Figure 8 as a colour 
wheel 814. Some light impinging on the colour wheel 
814 passes through each of the three or more segments 
illuminated by the beam. Each segment transmits some 
of the incident light and reflects the remainder. Light 
transmitted by the colour wheel 814 is focused onto the 
spatial light modulator 816. 

[0039] The light rejected by the colour wheel 814 trav- 
els back through the integrating rod 810. In the embod- 
iment shown in Figure 8, the light is allowed to exit the 
integrating rod and is reflected by the lamp reflector 806 
before re-entering the integrating rod 810. Referring 
back to Figure 2, the light recycler 204 is comprised of 
both the integrating rod 81 0 and the reflector 806 of Fig- 
ure 8. The recycled light 81 8 is once again homogenized 
by the integrating rod 810 before impinging on the dy- 
namic filter 814. The recycled light 818 in Figure 8 has 
a 1/3 chance of striking the same filter a second time 
and once again being rejected, a 1/3 chance of striking 
an second filter and being rejected, and a 1/3 chance of 
striking a second filter and being transmitted. 
[0040] The recycling process continues until the light 
either reaches a portion of the dynamic filter through 
which it can pass, or until the light is absorbed by or 
escapes the light recycler. The light being recycled can 
be absorbed by the surface coatings of the reflector 806 
as well as being absorbed when it strikes an electrode 
of the arc lamp. 

[0041] Figure 14 is a perspective view of one embod- 
iment of an integrator rod 902 designed to recycle light 



passing through it. Figure 9 is a cross section of an in- 
tegrator rod 902 from Figure 14. Light 904 from a light 
source enters the rod through an aperture in a mirrored 
entrance end of the rod 902. The aperture is approxi- 

5 mately 1/3 of the area of the rod end. The small aperture 
is especially suitable when combined with low power 
lamp sources whose arc is typically smaller than the 
high powered sources. Since the use of the integrator 
rod 902 in a scrolling colour recycling display system 

10 greatly increases the overall system efficiency, a lower- 
power light source is needed to maintain a given system 
brightness level. 

[0042] The integrating rod 902 is typically a solid glass 
bar, other materials are available. For example, some 
15 integrating rods are hollow structures with internally mir- 
rored surfaces. The integrating rod typically has the 
same cross section aspect ratio as the modulator used 
by the display system. 

[0043] The mirrored end surface of the integrating rod 

20 902 reflects light striking the integrating rod outside the 
aperture 1400 shown in Figure 14. This light is reflected 
back to the lamp and reflector and has a high probability 
of returning to the integrator at the proper position and 
angle to be transmitted through the aperture 1400. The 

25 reflective aperture shown in Figure 14 has been dem- 
onstrated to provide an 8 to 15 percent brightness gain. 
[0044] The light entering the rod is reflected several 
times as it travels through the rod. As the light exits the 
exit end of the rod 902, it strikes a first segment 906 of 

30 a dynamic filter which allows a first band 907 of the light 
to pass through. The remainder of the light 908 is re- 
flected by the first segment 906 of the dynamic filter and 
travels through the integrator rod in the reverse direc- 
tion. The remainder of the light 908 is reflected by a mir- 

35 ror 910 deposited on the entrance end of the integrating 
rod 902 and again travels through the rod 902 in the first 
direction. The recycled light 91 2 eventually impinges on 
a second segment 914 of the dynamic filter allowing a 
second band 91 6 to pass through. The remainder of the 

40 light is recycled again until it eventually strikes the third 
segment 918 of the dynamic filter and the third band 
passes through. 

[0045] Using the integrator rod 902 of Figures 9 and 
14, with an entrance aperture 1400 area of 1/3 the area 

45 of the end of the rod, 1/3 of the light reflected by the first 
segment 906 exits the integrating rod and returns to the 
lamp and reflector. Because this light is traveling toward 
the lamp from a point very near the second focus of the 
reflector, it has a high probability of passing near the arc 

50 and being focused by the reflector back into the input 
aperture 1400. 

[0046] The remaining 2/3 of the light reflected by the 
first segment 906-the portion reflected by the mirrored 
end 910 of the integrator rod-has a 2/3 chance of striking 
55 either the second 914 or third 918 filter segments. Since 
the light only contains two primary components, the third 
primary component having already passed through the 
first filter segment, 50% of the light striking the second 
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and third filter segments is accepted by the filter seg- 
ments and passes through the colour wheel. The re- 
maining portion is again recycled and presented to the 
colour wheel. Assuming no reflection losses, the theo- 
retical efficiency of such a system would be: 

Efficiency = (1/3) [1 +(2/3) 2 +(2/3) 4 +(2/3) 6 +....]= [1.78] 

[0047] In other words, the system has the potential to 
be up to 1 .8x more efficient than a field-sequential illu- 
mination system given the lamp etendue is decreased 
sufficiently. Assuming a large loss per reflection of 5%, 
the efficiency series converges to a 1.65x efficiency 
gain. The efficiency calculations above assume the light 
returning to the lamp and reflector is lost. As described 
above, recycled light passing through the input aperture 
1400 returns to the lamp and reflector assembly and has 
a good chance of returning to the input aperture. Mod- 
eling shows that the light returning to the input aperture 
from the lamp and reflector assembly increases the ef- 
ficiency of the illumination system by up to 20% above 
that described above. In practice, however, there ap- 
pears to be much less light recycled through the lamp 
and reflector as it is difficult to measure much light re- 
cycling through the lamp and reflector. Nevertheless, it 
is possible to eliminate the mirrored end of the integrat- 
ing rod and allow all of the recycled light to return to the 
reflector. The reflector is therefore considered part of the 
light recycler 204 of Figure 2. 

[0048] The size of the aperture in the mirrored end of 
the integrating rod has a large effect on the overall effi- 
ciency of the system. In general, the larger the aperture 
the more efficient the light collection system, but the less 
efficient the recycling. Likewise, a smaller aperture in- 
creases the recycling efficiency, but reduces the amount 
of light able to enter the integrating rod. Figures 17-19 
illustrate the effects of arc size and aperture size on the 
efficiency of the light collection system. 
[0049] Figure 1 7 is a series of plots showing the mod- 
eled collection efficiency versus collection aperture di- 
ameter for various lamp arc sizes and reflector designs. 
In Figure 1 7, the aperture diameter in millimeters is rep- 
resented by the x-axis, while the Y-axis represents the 
f/1 collection fraction. The arc sizes range from 0.7 mm 
to 1 .5 mm. Traces using a solid line illustrate the collec- 
tion efficiency of elliptical collectors. Traces using bro- 
ken lines illustrate the collection efficiency of parabolic 
reflectors. 

[0050] Figure 1 8 is a plot of the recycling gain realized 
by a 6.4 mm x 4.8 mm integrator rod over a range of 
mirrored input aperture sizes. In Figure 18, the x-axis 
represents the input aperture diameter in millimeters, 
while the Y-axis represents the recycling gain. Figure 18 
assumes a 7% reflection loss for each pass through the 
integrating rod. Figure 19 is a plot combining the data 
from Figures 17 and 18 to show the overall illumination 
efficiency over a range of input aperture sizes for several 



lamp arc sizes. As shown in Figure 19, which plots the 
illumination efficiency in Lumens/watt on the Y-axis and 
the input aperture on the x-axis, the larger the lamp arc 
size the larger the optimum input aperture of the inte- 

5 grating rod. 

[0051] Adding the efficiency gains achieved by using 
a white segment, the overall efficiency of a display pro- 
jector is increased by up to 120% (2.2x). This efficiency 
gain enables the use of a one-modulator display system 

10 in applications that previously required a three-modula- 
tor display. Alternatively, a much lower power lamp is 
used to provide an equivalent brightness to systems that 
do not use scrolling colour recycling. The increase in ef- 
ficiency has a direct effect on the overall heat load on 

*5 the projector since the unused light is recycled instead 
of being absorbed as heat. 

[0052] Although the embodiments described thus far 
have used either pie-shaped or spiral-shaped segments 
of a colour wheel, many other embodiments are possi- 

20 ble. For example, various filter drums, belts, or other ar- 
rangements are equally applicable. Figure 10 is a per- 
spective view of one embodiment of an illumination path 
using a filter belt. In Figure 10, a light source 1000 pro- 
vides a white light beam to an integrating rod 1002. The 

25 integrating rod homogenizes the beam of white light and 
provides the beam of light to a rotating filter belt 1004. 
Light rejected by the filter belt 1004 returns through the 
integrating rod to be recycled. Light passing through the 
filter belt is reflected by a mirror 1006 and focused onto 

30 the spatial light modulator 1010 by a lens 1008. As with 
the previous embodiments, careful optical design is nec- 
essary to recapture and recycle the rejected illumina- 
tion. For example, the dynamic filter is typically located 
very close to the integrating rod to ensure most of the 

35 light rejected by the dynamic filter reenters the integrat- 
ing rod. 

[0053] The greatest efficiency gains are achieved 
when implementing sequential colour recycling in a one- 
panel (single LCD, DMD, or other modulator) display 

40 system. The sequential colour recycling methods and 
apparatus described above allow a single-panel system 
to achieve much higher efficiencies that were previously 
possible. Application of the methods and systems 
taught herein, however, is not limited to single-panel dis- 

45 play systems. The same techniques are applicable to 
two and three panel displays, but typically result in a 
more expensive display system. 
[0054] U.S. Patent No. 5,612,753 describes a two 
panels system that uses one panel to sequentially pro- 

50 duce two primary colour images while the second panel 
produces a third primary colour image. The concepts of 
scrolling colour recapture are applied to the two panel 
display system shown in Figure 16. In Figure 16, a spiral 
colour wheel 1 602 filters light from source 1 604 that has 

55 been homogenized by the integrating rod 1606. The spi- 
ral colour wheel 1602 contains many pairs of colour fil- 
ters and is spun by motor 1608. Each filter allows two 
primary colours to pass, and rejects one primary colour. 
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The filters are selected so that both pass one of the pri- 
mary colours. One of the other primary colours is passed 
by one of the filters, and the other primary colour is 
passed by the other filter. For example, a first filter pass- 
es magenta light-light comprised of the red and blue pri- 
maries, while the other filter passes yellow light-light 
comprised of the red and green primaries. The filtered 
light enters a TIR prism assembly 1610 that reflects the 
light to a colour splitting prism assembly 1612. A dichroic 
filter at the interface between the two prisms in the col- 
our splitting prism assembly 161 2 separates the primary 
colour passed by both filters from the other two prima- 
ries. For example, the red light passes through the di- 
chroic filter and is modulated by DMD 1614. The other 
two primaries are reflected by the dichroic filter and 
modulated by DMD 1616. 

[0055] The filtering results in modulator 1614 is al- 
ways completely illuminated by red light, while blue and 
green light scroll across modulator 1616. The light re- 
jected by the filter segments of the colour wheel consists 
of the blue and green components and is recycled. 
[0056] The light modulated by the spatial light modu- 
lators retraces its path through the colour prisms. Be- 
cause the DMDs changed the angle of the modulated 
light, the modulated light passes through the interface 
between the TIR prisms without reflecting at the inter- 
face. The modulated light is focused by projection lens 
1618 onto image plane 1620 to form an image. 
[0057] The dynamic filter thus far has been described 
as a moving set of dichroic filters. Other types and ar- 
rangements of filters are also useful. For example, a set 
of stationary filters in combination with an apparatus to 
sweep the primary colour beams across the surface of 
the modulator is another form of dynamic filter. Likewise, 
solid-state colour switches could be used in other em- 
bodiments. 

[0058] Several methods of adjusting the white point 
and colour gamut of the system described are available. 
# First, the image data used to create each primary colour 
can be scaled to reduce the maximum intensity of cer- 
tain primary components. Alternatively, variable filter 
densities are used to reduce the brightness of some of 
the primary light components prior to modulation. Addi- 
tionally, because the recycling system is not 100% effi- 
cient, adjusting the relative size of the colour filters alters 
the white point of the display system by increasing the 
odds certain primary components of the light will be ac- 
cepted by the filters. Increasing the odds of a given pri- 
mary component being accepted reduces the loss that 
would otherwise be experienced by each additional re- 
flection and the loss that would occur as some the light 
escapes to the reflector and does not return to the inte- 
grating rod. 

[0059] As described above, colour wheels tend to pro- 
duce pie-shaped colour segments that move across the 
modulator. The angle of the borders between the seg- 
ments changes as the light from the colour wheel moves 
across the face of the modulator. The spiral of 



Archimedes design helps to keep the angle of the border 
constant as the colour segments move across the mod- 
ulator, but produces a curved border and is difficult to 
build. Light that changes colour, or is a mixture of pri- 

5 mary colours, is difficult to use. The mixed light can be 
used to create secondary colours or white, boosting the 
brightness of the display system, but sacrificing colour 
purity. Alternatively, the spoke light is discarded by turn- 
ing off the modulator elements during the period in which 

10 the light received by the elements is changing colours. 
Thus, although there has been disclosed to this point a 
particular embodiment for a method and system for se- 
quential colour recapture, it is not intended that such 
specific references be considered as limitations upon 

15 the scope of this invention except insofar as set forth in 
the following claims. Furthermore, having described the 
invention in connection with certain specific embodi- 
ments thereof, it is to be understood that further modifi- 
cations may now suggest themselves to those skilled in 

20 the art, it is intended to cover all such modifications as 
fall within the scope of the appended claims. 



Claims 

1. A display system comprising: 

a light source for producing a beam of white 
light; 

an integrator for homogenizing said beam of 
white light; 

a filter for filtering said homogenized beam of 
white light, a first region of said filter separating 
said homogenized beam of white light into a pri- 
mary colour beam of light traveling along a first 
path, and a remainder beam of light traveling 
along a second path; 

a spatial light modulator on said first path for 
receiving light traveling along said first path and 
selectively modulating said light traveling along 
said first path to form an image; and 

wherein a portion of said remainder beam of light is 
incident a second region of said filter and travels 
along said first path. 

2. The display system of Claim 1, wherein said re- 
mainder beam of light is re-homogenized before be- 
ing incident said second region of said filter. 

3. The display system of Claim 2, wherein said inte- 
grator performs said re-homogenization. 



4. The display system of any preceding claim, wherein 
55 said integrator is a reflective enclosure. 

5. The display system of any preceding claim, wherein 
said integrator is a glass rod. 
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6. The display system of any preceding claim, wherein 
said integrator is a mirrored glass rod. 

7. The display system of any preceding claim, wherein 
said integrator is a hollow cylinder. 

8. The display system of any preceding claim, wherein 
said integrator is a reflective hollow rectangular cyl- 
inder. 

9. The display system of any preceding claim, wherein 
said integrator has a reflective entrance aperture. 

1 0. The display system of any preceding claim, wherein 
said integrator has retro-reflective entrance aper- 
ture. 

11. The display system of any preceding claim, wherein 
light traveling along said first path fills said modula- 
tor. 

12. The display system of any preceding claim, wherein 
said filter is a colour wheel. 

13. The display system of any preceding claim, wherein 
said filter is a three colour colour wheel. 

14. The display system of any preceding claim, wherein 
said filter is a three primary colour plus white colour 
wheel. 

15. The display system of any preceding claim, wherein 
said filter is a colour wheel having a plurality of filter 
segments. 

16. The display system of any preceding claim, wherein 
said filter is a colour wheel having a plurality of filter 
segments arranged in a spiral. 



transmitting a second primary portion of said re- 
mainder of said beam of light; 
modulating said second primary portion of said 
beam of light; and 
5 focusing said modulated first and second pri- 

mary portions of said beam of light on an image 
plane. 

19. The method of Claim 18 or any preceding claim, 
10 said step of impinging said beam of white light on a 
first region of a dynamic filter comprising the step 
of impinging said beam of white light on a first region 
of a rotating colour filter. 

15 20. The method of Claim 18 or Claim 19, said step of 
impinging said beam of white light on a second re- 
gion of a dynamic filter comprising the step of im- 
pinging said beam of white light on a second region 
of a rotating colour filter. 

20 

21. The method of Claim 18, 19 or 20, said step of im- 
pinging a portion of said remainder of said beam of 
light on a second region of said dynamic filter further 
comprising the step of rejecting a second remainder 
25 portion, and further comprising the steps of: 



impinging said second remainder portion on a 
third region of a dynamic filter, said third region 
of said dynamic filter transmitting a third prima- 
ry portion of said beam of light; 
modulating said third primary portion of said 
beam of light; and 

focusing said modulated third primary portion 
of said beam of light on said image plane. 



30 



35 



17. The display system of any preceding claim, further 40 
comprising: 

a re-homogenizer to homogenize said re- 
mainder portion of said beam of light. 



1 8. A method of producing an image, said method com- 45 
prising the steps of: 



providing a beam of white light; 
impinging said beam of white light on a first re- 
gion of a dynamic filter; said first region of said so 
dynamic filter transmitting a first primary portion 
of said beam of light to a spatial light modulator 
and rejecting a remainder of said beam of light; 
modulating said first primary portion of said 
beam of light; 55 
impinging a portion of said remainder of said 
beam of light on a second region of said dynam- 
ic filter, said second region of said dynamic filter 
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